Abstract β-Hairpin consists of two β-strands joined by an appropriate di-peptide loop. In the designed hairpin the strands consist of hydrophobic residues, while the turn is a β-turn, invariably consisting of Pro-Gly residues. Incorporation of 3-aminobenzoic acid (Aba) in the β-hairpin peptides does not compromise the stability of the secondary structure. Unlike some of the designs, these hairpins permit accommodation of both enantiomers of Pro-Gly turn motifs. Formation of β-hairpin with L Pro in the turn region is unique, which is generally not favoured due the incompatible twist constraints arising in natural amino acids. We have also found that these strands can accommodate
Introduction
Oligomers of higher homologues of natural α-amino acids have been subject matter of intense research activity in recent years. The reason behind is their ability to fold into variety of secondary structures, referred to as foldamers. 1 Though, β-amino acids have received lot of attention, their higher homologues, γ-amino acids, have been less studied. Theoretical studies on oligomers of γ-amino acids, the γ-peptides, have been predicted to have a wide variety of structures with H-bonds formed both in the forward as well as backward directions.
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Experimental studies have shown that they have interesting helical structure. 3, 4 Recent capability of designing β-hairpins, 5 enabled studies of hybrid peptides containing α-and β amino acids. 6 It has been observed that the inclusion of β-amino amino acids is tolerated without disrupting the same side of an extended sheet, which may enable the residue to participate in H-bonding simultaneously. The β-hairpin consists of two antiparallel strands connected by a suitable turn. While the major contributions towards the stabilization of these structures come from hydrogen bonds (Hbonds) across the strands, the other non-covalent interactions like hydrophobic, hydrophilic, aromatic and salt bridges also contribute significantly. The initial developments in the design of D Pro-Gly containing turns lead to stable β-hairpins, while those with L Pro-Gly do not provide adequate control of the stereochemistry for the stability of the hairpin. The relationship between β-turn and the β-hairpin promotion in peptides arises from the right handed twist preference of the β sheets, which must be matched in the loop. Pro enantiomer causes the destruction of the β-hairpin folds in several-designed sequences. 15 Based on the residues involved in the nucleation of β-sheet secondary structures in the proteins, the β-strands in the present study, consist of hydrophobic residues, because they have the highest propensities for nucleating the β-sheets. This permits them to associate and come close to each other. The strands in the present study are tri-peptides containing an Aba and two hydrophobic residues, like Val, Leu, Ile and Gly.
In our design a variety of turn inducing motifs like Interestingly the results showed that all these turn inducers stabilize the hairpin conformation in solution. The peptides 2-10, were synthesized by standard method of peptide coupling using DCC/HOBt and EDCI/HOBt and by anhydride method using etylchloroformate. 16 The results of structural studies carried out by NMR in about 2-5 mM solutions in CDCl 3 at 30 o C and Molecular dynamics (MD) are reported below.
The NMR spectra demonstrated wide dispersion of backbone amide and αH chemical shifts, supporting a well-defined organized structure for these peptides in solution. The spectra were well resolved and most of the spectral parameters could be obtained from one-dimensional spectra. The spectral assignments were carried out with the help of total correlation spectroscopy (TOCSY) experiments and the rotating frame nuclear Overhauser effect spectroscopy (ROESY) experiments, which in addition provided the information on the proximity of the protons. The information on hydrogen bonding was derived from solvent titration studies. Upto 33% of polar solvent, , was added sequentially in steps of 50 µl CDCl 3 solution (600 µl) during the solvent titration. Small magnitude of amide chemical shift temperature coefficients were used as indication of their participation in hydrogen bonding. Low field shifts of the amide proton chemical shifts was further used as the confirmation of their participation in H-bonding.
Peptides 2 and 3
Hexamers 2 and 3 were first studied for understanding the implications of insertion of Aba. The presence of characteristic NOEs Gly4NH / Aba5NH, Pro3αH / Aba5NH as well as the fact that sequential Pro3αH / Gly4NH peaks are much stronger than the Gly4αH / Aba5NH support a type II β turn structure around L Pro-Gly for hexapeptide 2 and a type II' β turn involving D Pro-Gly in 3. The evidence of extended structure for Aba2 and Aba5 is derived from Aba2H6 / Pro3δH and Aba5H6 / Val6NH cross peaks in the ROESY spectrum. The signatures of incipient β-hairpin are indicated by the NOE cross peaks Aba2H2 / Aba5H2, Gly1αH / Val6αH and Boc / OMe ( Figure  1 ). Only Aba5NH participates in hydrogen bonding as it showed small change in its chemical shift during solvent titration. No other evidence of hairpin was observed because of fraying at the termini. These observations encouraged us to investigate the larger octa peptides. 3 . Like the peptides studied earlier, Aba3 and Aba6 were found to take an extended structure. For 6 the presence of the cross peaks Gly5NH /Aba6NH as well as much stronger Pro4αH / Gly5NH compared to Gly5αH / Aba6NH clearly show the existence of a type-II β-turn involving L Pro5-Gly6 residues. The unequivocal evidence for a stable β-hairpin comes from inter-strand NOE cross peaks Aba3H2 / Aba6H2, Val2αH / Ile7αH, Ile1NH / Val8NH, Val2αH / Ile7γCH 3 and Boc/OCH 3 ( Figure 3 ) as well as participation of inter-strand hydrogen bonds of Ile1NH, Aba3NH, Aba6NH and Val8NH. The large value of 3 J NH-αH (8.4 / Ile1, 9.0 / Val2, 8.9 / Ile7 and 8.2 / Val8, Hz) ( Table 2) as well as the down field appearance of αH protons (4.91 / Val2, 5.02 / Ile7 and 4.55 / Val8, ppm) and the wide dispersion of strong inter-residue αH-NH and weak intra-residue αH-NH cross peaks, strongly support the presence of well defined beta sheets in 6. Very similar observations have been made for peptide 7, with D Pro-Gly as the turn inducing motif, which takes a "mirror image" type-II' β-turn in the β-hairpin. Interestingly the β-hairpins in these peptides does not fray much in the termini. Compared to 4 and 5 the beta sheet structure in these peptides is better defined, as the 3 J NH-αH in the strands are generally larger and also the chemical shifts of the αH appear at much lower fields. We have therefore used these β-strands in our subsequent studies. 7.9, 9.5, 9 .0 Hz respectively, support the presence of β sheet structure in the strands. Similar pattern is observed in 9. Like peptides 4-7, the β-hairpins in 8 and 9 are amply supported by characteristic NOE connectivities Aba3H2 / Aba6H2, Aba3H2 / Aba6NH, Pro4αH / Aba6NH, Val2αH / Ile7αH, Ile1NH / Val8NH, Boc / OMe, across the two strands ( Figure 4 ). Figure 5 shows expanded ROESY spectrum with characteristic NOEs. Due to the conformational restraints on the Pro residues, the β-turns are expected to be type I for 8 and type II' for 9. 
Peptide 10
We tested our strategy further by incorporating non-proline moieties in the turn, such as α-amino isobutyric acid (Aib). Balaram et. al., have used novel dipeptide chain reversal nucleating segment, Aib-D-amino acid (Aib-D Xaa), in their β-hairpin design. 19 The choice of achiral Aib was used due to their strong conformational preferences with φ=-60° and ψ=-30° or φ=60° and ψ=30°. In addition the incorporation of D Xaa favors a type-I' β-turn. However Aib-Aib achiral turn motif has not been used in designed β-hairpins. Due to the overwhelming constraints on Aib conformation, the turns are expected to be type-I/type-III or type-I'/type-III'. Similar to earlier octa peptides 10, Ile1, Aba3, Aba6 and Val8 amide protons participate in the hydrogen bonding. Wide dispersion and appreciable down field shift of αH proton chemical shifts (Ile1 / 4.97, Val2 / 4.59, Ile7 / 4.95, Val8 / 4.55) and large 3 J NH-αH (8.4 / Ile1, 8.0 / Val2, 8.9 / Ile7, 8.8 / Val8 ) is observed indicating that the β-strands are well defined. Further support for the β-strands comes from the wide dispersion of strong inter-residue αH-NH and weak intra residue αH-NH cross peaks. The hairpin is confirmed very well by characteristic NOEs Ile1NH / Val8NH, Aba3H2 / Aba6H2, Val2αH / Ile7αH, Boc / OMe ( Figure 6 ). We also investigated these peptides in DMSO-d 6 . The structures were found to be not very well defined. The VT studies between 30-70 °C showed that the temperature coefficients of amide chemical shifts, which is used for obtaining information on H-bonding, have magnitudes > 3.5 ppb/°C. This implies that the intra molecular H-bonds do not exist in DMSO-d 6 solvent. The evidence of β-turns and β-strands are also not very compelling. The lack of structure is due to the solvent molecules getting involved, in intermolecular H-bonding with the peptides and thus disrupting the structure. 
Molecular dynamics studies
The MD calculations on 5 show that Aba takes an extended structure, which, facilitates accommodation of two additional carbons in the backbone without disrupting the hairpin. Figure  7 shows twenty superimposed minimum energy structures obtained from a 600 ps MD run for 4, 6, 8, 9 and 10. Since Aba is achiral, φ and ψ take both signs with same propensity. We discuss specifically peptide 6 in detail and the general discussions are valid for other peptides as well. The structures for 6 show that the magnitudes of φ and ψ for Aba(3) and Aba(6) are 132±4°, 132±9° and 140±5° and 150±6° respectively, which are very similar to that for β-anti parallel sheets. Four cross-strand hydrogen bonds stabilize the hairpin. Significant fraying at the termini is reflected in the large variations for φ and ψ of the terminal residues. The angle between the Aba(3) and Aba(6) aromatic rings is around 13-80°. It has been shown that the hydrophobic effects involving side chain-side chain interactions are critical determinants of anti-parallel β-sheet stability. 20 Such interactions among the aromatic rings of peptides and proteins lead to the stability of the secondary structures. 21 The interactions between the two Aba rings across the strands might also contribute to additional stabilization of the hairpins. For peptide 10, we were unable to get information on the nature of the turn from NMR data. MD calculations, however, very clearly demonstrate that most of the structures shown Figure 7 take a type III' β-turn. Pro are type I. The turns exert deferring influences on the relative twist of the anti parallel strands. While the extent of twist in type I' turn matches that of the anti parallel strands, in contrast type II' turns result in substantially "planar twist", leading to flattening of the hairpin considerably. It has been shown that incorporation of vinylogous amino acids in peptides does accommodate L Pro-Gly turn and result in minimal hairpin due to the dampening of the right handed twist constraint of the strands. 8 It is thus very likely that the β-hairpin stability in the 2-9 is due to the absence of any perceptible twist of the strands, arising due to the presence of Aba, a mimic of the vinylogus amino acid, which permits both enantiomeric turns in the β-hairpin. The presence of NOE across the residues diagonally placed has been attributed to the curvature / twist of the sheets. 22 For peptides 2-10 nOe's are observed only between residues placed directly across each other and not between the diagonal ones, further supporting absence of the curvature. Additional support for the absence of the twist of the β-strands comes from the report where peptide containing L Pro-Ala turn motif has been shown to exist as a three strand mono-layer film of β-hairpins extended parallel to the plane of air water interface. 23 
Conclusions
It has been shown that inclusion of Aba, a γ amino acid, is very well tolerated in designed hairpins, containing a variety of turn motifs. Observation of β-hairpin in peptides containing the turn inducing motifs, 
Experimental Section
Standard amide coupling using DCC and HOBt. Solid 1-hydroxybenzotriazole (HOBt, 1 eq.) and dicyclohexylcarbodiimide (DCC, 1 eq.) were added sequentially at 0 °C to a stirred solution of N-protected amino acid / peptide in dry CH 2 Cl 2 or in a mixture of dry DMF and CH 2 Cl 2 in cases where the solubility was poor in CH 2 Cl 2 , under N 2 . After a period of ~0.25 h, the reaction mixture was mixed with amino acid methyl ester / amine-free peptide methyl ester in dry CH 2 Cl 2 . The combined mixture was stirred at room temperature for 6 h, the precipitate dicylohexyl urea filtered and the residue washed with CH 2 Cl 2 and the combined filtrates were washed sequentially with cold 0.5 N HCl, saturated NaHCO 3 and NaCl solutions. The organic extract was dried over Na 2 SO 4 and evaporated in vacuo. The residue was purified by column chromatography using EtOAc / hexane as eluent over 60-120 silica gel.
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